The post-embryonic growth of plants requires the activities of apical meristems and lateral meristems. In the meristems, self-proliferation and differentiation of stem cells is tightly modulated by plant hormone signaling networks and specific transcription factors. Despite extensive studies on stem cell maintenance in plants, the mechanism by which stem cells are initially established is largely unknown. Vascular stem cells consisting of procambial/cambial cells give rise to xylem and phloem cells. In this study, we analyzed the establishment of procambial cells using the in vitro culture system VISUAL, in which mesophyll cells rapidly differentiate into xylem tracheary elements and phloem sieve elements via procambial cells. We found that procambial cell formation in VISUAL is initiated by light, which can be replaced by application of gibberellin (GA). Gibberellin was able to promote procambial cell formation through degradation of DELLA, whereas light did not elevate the endogenous GA content. Indeed, light in combination with bikinin reduced the accumulation of DELLA protein in VISUAL. Consistently, overexpression of a constitutively active DELLA protein repressed vascular cell differentiation even under light. These combined results suggest that DELLA signaling suppresses procambial cell formation during vascular development in VISUAL.
INTRODUCTION
Plant vasculature is essential for transporting water, nutrients, signaling molecules, RNAs and hormones throughout the plant body. The vasculature contains two different conductive tissues, xylem and phloem, and an intervening meristematic tissue called procambium/cambium. Procambial/cambial cells are able to reproduce and generate xylem and phloem precursor cells; for this reason, they are often referred to as vascular stem cells (Hirakawa et al., 2011; Miyashima et al., 2013; Greb and Lohmann, 2016) .
Four procambium initial cells emerge at the early globular stage during plant embryogenesis (Scheres et al., 1995) . Auxin is considered as the key factor for establishment of procambial cells (PCs) (Jouannet et al., 2015) . Downstream of auxin signaling, MONOPTEROS/AUXIN RESPOSE FACTOR 5 (MP/ARF5) directly upregulates the basic helix-loop-helix (bHLH) transcription factor TARGET OF MONOPTEROS 5 (TMO5) (Schlereth et al., 2010) . TMO5 forms a heterodimer with LONESOME HIGHWAY (LHW) and has a crucial role in early vascular development (De Rybel et al., 2014; Ohashi-Ito et al., 2014; Vera-Sirera et al., 2015) . MONOPTEROS directly induces the plant HD-ZIPIII protein ATHB-8 to restrict the flow of auxin into a narrow region and thereby initiates the formation of PCs during leaf vascular development (Hardtke and Berleth, 1998; Donner et al., 2009; . Current knowledge about the regulatory mechanisms underlying the establishment of PCs is limited primarily to auxin signaling and related transcriptional regulation because PCs become established deep within the plant body. This prevents detailed cellular and molecular biological analyses.
To overcome this difficulty, researchers have used in vitro culture systems in which non-vascular cells are induced to differentiate into vascular cells under appropriate conditions (Fukuda and Komamine, 1980; Kubo et al., 2005; Pesquet et al., 2010; Kondo et al., 2014) . We recently developed a culture system named the 'vascular cell induction culture system using Arabidopsis leaves' (or 'VISUAL'). In VISUAL, mesophyll cells (MSs) of Arabidopsis leaves or cotyledons ectopically transdifferentiate into PCs within 1-2 days and then differentiate into xylem vessel cells and phloem sieve elements in the presence of bikinin, which is an inhibitor of plant GSK3 kinases, as well as auxin and cytokinin (Kondo et al., 2014 (Kondo et al., , 2015 (Kondo et al., , 2016 . This system allows us to visually study and manipulate the entire process of vascular cell differentiation, including PC establishment and subsequent differentiation into xylem and phloem cells. Here, we utilized this powerful culture system to determine the mechanism underlying the establishment of procambium. We found that light is required for transdifferentiation of MSs into PCs. Gibberellin application mimicked light-induced procambium establishment. Further genetic analysis suggested that DELLA, a master negative regulator of gibberellin signaling, is a key regulator of PC establishment in VISUAL.
RESULTS

Light initiates vascular cell differentiation in VISUAL
We used the VISUAL vascular differentiation system for this study, in which MSs of Arabidopsis cotyledons are induced to transdifferentiate into vascular cells by simultaneous treatment with 2,4-dichlorophenoxyacetic acid (2,4-D), kinetin and bikinin ( Figure 1a ) (Kondo et al., 2016) . Under continuous light, ectopic xylem tracheary elements were visualized by autofluorescence excited by UV light at 96 h post-induction (hpi) in VISUAL. Under dark conditions, scarcely any ectopic tracheary elements were formed (Figure 1b) . Xylem differentiation was quantified by calculating the relative area of ectopic xylem cells per cotyledon index (hereafter called the 'differentiation ratio'); the results indicated that the differentiation ratio was much higher under white light than in the dark (Figure 1c ). Application of the photosynthesis inhibitor 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) to the VISUAL system did not significantly affect the differentiation ratio (Figure 1d , e), suggesting that the positive effect of light on xylem differentiation does not depend on energy supplied from photosynthesis. To determine which developmental periods require light, VISUAL experiments were performed using several combinations of light-dark conditions (LL, LD, DL and DD; Figure 1f ). The conditions LL and LD strongly induced the differentiation of ectopic xylem tracheary elements, whereas DL and DD conditions did not (Figure 1g ). These results suggest that incidental light during the early process in VISUAL is sufficient to induce ectopic xylem differentiation. Further experiments tested the effects of pulse treatments of white light, and revealed that incidental light during the first 24 h is sufficient to induce xylem differentiation, although the differentiation ratio was approximately half of that in samples exposed to continuous light (Figure 1h-j) . These results suggest that light is required during the early process of vascular cell differentiation in VISUAL.
Light promotes establishment of PCs in VISUAL
The differentiation process in VISUAL consists of two steps: initiation of PCs from MSs at 12-24 hpi, and differentiation of PCs into xylem tracheary elements (XY) at 36-72 hpi (Figure 2a ) (Kondo et al., 2015) . The fact that light exposure during the first 24 h induces differentiation suggests that light may promote the establishment of PCs from MSs. To test this hypothesis, we investigated the effect of light on the expression levels of MS and PC marker genes in VISUAL. Expression of the MS-related gene RBCS1B declined over time under both light and dark conditions (Figure 2b ), suggesting that the identity of MSs was lost in VISUAL regardless of light or dark. By contrast, expression of the PC marker genes ATHB-8 and TDIF RECEPTOR (TDR) increased at 24 and 48 hpi only under light conditions (Figure 2c ). Consistently, strong YFP signals in ATHB-8::YFP-nls cotyledons were observed ectopically in original MSs at 24 hpi under light. By contrast, only weak signals were observed under dark conditions, along with the original vasculature (Figure 2d ). These results support the hypothesis that light promotes the establishment of PC from MS in VISUAL.
Gibberellin-DELLA signaling compensates procambial cell establishment under dark conditions in VISUAL Light signaling is often coupled with hormone signaling pathways (Feng et al., 2008; de Lucas et al., 2008; Tao et al., 2008; Oh et al., 2012) . We examined the possible involvement of plant hormones in light-induced vascular differentiation in VISUAL by testing a series of hormones. Application of ABA in the dark did not restore xylem differentiation. Moreover, treatment with the inhibitor of ethylene biosynthesis 2-aminoethoxyvinyl glycine (AVG), did not suppress xylem differentiation in the light. Lastly, we found that exogenous application of bioactive gibberellin (GA 3 ) promoted xylem differentiation in the dark (Figure 3a,b) . The differentiation ratio under dark conditions was significantly increased by 10 À7 M GA, and reached a maximum with 10 À6 M GA (Figure 3b ), which was comparable with the physiological GA concentration for hypocotyl elongation in Arabidopsis (Cowling and Harberd, 1999) . Next, we examined effects of GA on the expression of PC marker genes (ATHB-8 and TDR) in the dark (Figure 3a ,b). Treatment with GA increased the expression levels of ATHB-8 and TDR by 2.1-and 2.3-fold, respectively, compared with the non-treated control. Treatment with GA also induced strong ectopic YFP expression in ATHB-8::YFP-nls cotyledons cultured for 48 h in the dark (Figure 3c,d ). These results suggest that GA promotes the establishment of PCs under dark conditions. Phloem sieve element differentiation can be induced in VISUAL under light conditions along with upregulation of the phloem markers APL and SEOR1 (Figure 3e ) (Bonke et al., 2003; Froelich et al., 2011; Kondo et al., 2016) , although expression of APL and SEOR1 is not upregulated under dark conditions in VISUAL. Application of GA induced accumulation of APL mRNA and SEOR1::SEOR1-YFP expression in the dark (Figure 3f,g ), suggesting that GA can replace light and promote sieve element differentiation. This observation is consistent with the hypothesis that GA promotes the establishment of PCs in the dark. DELLAs have a central role in the GA signaling pathway. DELLA degradation is promoted by GA via the ubiquitin proteasome pathway, resulting in the activation of GA responses (Nelson and Steber, 2016) . To examine whether exogenous GA functions through DELLAs in VISUAL we examined the VISUAL phenotype of plants harboring RGA::GFP-RGA1 and RGA::GFP-rgaΔ17, a GA-resistant DELLA protein (Dill et al., 2001) . Xylem differentiation was rescued by GA in RGA::GFP-RGA1 cotyledons but not in RGA::GFP-rgaΔ17 cotyledons cultured in the dark (Figure 4a, b) . Consistent with the xylem phenotype, application of GA upregulated the PC-related genes TDR and ATHB-8 in RGA::GFP-RGA1 but not in RGA::GFP-rgaΔ17 cotyledons ( Figure 4c ). These results indicate that GAresistant DELLA suppresses GA-dependent establishment of PCs in VISUAL. This fact suggests that GA may induce the establishment of PCs by repressing the functioning of DELLA.
Light does not affect GA content in VISUAL
We examined whether light modulates the accumulation of GA during PC establishment by assessing lightdependent expression of GA3OX and GA20OX, key enzymes in GA biosynthesis (Figure 5a ). In Arabidopsis, GA3OX and GA20OX are encoded by four (AT1G15550, AT1G80330, AT1G80340 and AT4G21690) and five (AT1G44090, AT1G60980, AT4G25420, AT5G07200 and AT5G51810) homologous genes, respectively, all of which were detected in quantitative (q)RT-PCR analyses except for AT4G21690. There were no significant differences in the expression levels of three GA3OX genes under light and dark culture conditions (Figure 5b ). The transcript levels of three GA20OX genes (AT1G44090, AT1G60980 and AT5G07200) were not significantly different under light and dark conditions, although the expression levels of AT4G25420 and AT5G51810 increased and decreased in the light, respectively (Figure 5c ). Quantitative measurement of GAs revealed that bioactive GA 4 content was essentially constant during culture regardless of light or dark (Figure 5d ), and bioactive GA 1 content was below the detection level. The contents of the GA precursors GA 19 and GA 24 gradually declined during culture under both (a) Effect of 10 lM GA 3 on xylem differentiation in the dark. (b) Effects of various GA 3 concentrations on the xylem differentiation ratio in the dark. Asterisks show statistical significance in Dunnett's test (***P < 0.001, **P < 0.01). (c) Effect of GA application on the induction of procambium marker genes (ATHB-8 and TDR) in the dark. Graphs show the mean value of three independent experiments; error bars represent standard deviations. Expression levels are indicated as the relative value standardized with respect to that at 0 h post-induction (hpi). Asterisks indicate statistical significance in the t-test between samples cultured with or without GA (**P < 0.01; n = 5). light and dark conditions (Figure 5d ). These results indicate that light does not elevate GA levels in VISUAL. Consistent with this observation, paclobutrazol (PAC), which inhibits the enzyme catalyzing an early step of GA biosynthesis (Figure 5a ), did not suppress xylem differentiation in VISUAL (Figure 5e ). These combined results suggest that light promotes the establishment of PC without de novo GA biosynthesis.
Light represses DELLA accumulation independently of GA in VISUAL
The results suggested that light may inhibit the functioning of DELLA without de novo GA biosynthesis in VISUAL. We examined whether DELLA overexpression suppressed light-dependent vascular development using two estradiolinducible rgaΔ17 (OlexA:rgaΔ17) overexpression lines (Figure 6) . In both lines, estradiol-induced rgaΔ17 overexpression severely inhibited light-dependent xylem differentiation in VISUAL (Figure 6a,b) . These results indicate that DELLA is associated with light signaling during vascular differentiation. Next, we investigated whether light promotes the suppression of DELLA functioning in VISUAL using plants harboring RGA::GFP-RGA1 and RGA:: GFP-rgaΔ17. Treatment with GA in VISUAL severely attenuated the fluorescence in MSs of RGA::GFP-RGA1 cotyledons (Figure 7a,b) but not that of RGA::GFP-rgaΔ17 cotyledons (Figure 7c,d) . By contrast, light severely attenuated the fluorescence in both RGA::GFP-RGA1 (Figure 7a , b) and RGA::GFP-rgaΔ17 cotyledons (Figure 7c,d) . Consistently, light induced xylem differentiation even in RGA:: GFP-rgaΔ17 cotyledons (compare Figure S1 in the online Supporting Information with Figure 4a ). These results suggest that light negatively controls the accumulation of DELLA without the intervention of GA signaling. In VISUAL, bikinin is crucial for PC establishment and xylem differentiation (Kondo et al., 2015) . Therefore, we examined whether bikinin is required for light-dependent decrease in DELLA accumulation. Light reduced the amounts of both RGA::GFP-RGA1 and RGA::GFP-rgaΔ17 to a lesser extent in the absence than in the presence of bikinin ( Figure S2 ), indicating that bikinin also participates in light-dependent regulation of DELLA in VISUAL.
It is reported that transcript levels of DELLA genes in Arabidopsis cotyledons rapidly decline after exposure to light, which in turn reduces the accumulation of DELLA protein (Cheminant et al., 2011) . Therefore, we measured the transcript levels of five DELLA genes in VISUAL (Figure 7e) . Light did not reduce the transcript levels of any of the tested DELLA genes during the first 24 h of culture, when light initiates PC establishment. At the procambial stage (48 hpi), GAI and RGL1 transcript levels declined under light conditions, whereas light increased RGL3 expression (Figure 7e ). These results suggest that in VISUAL DELLAs are negatively controlled by light at protein levels rather than transcript levels.
Overexpression of DELLA inhibits de novo procambium formation in leaf veins
Finally we investigated the in vivo role of DELLA signaling using OlexA:rgaΔ17, which inhibits vascular cell differentiation in VISUAL. In plants, DELLA proteins have diverse roles in growth and development. Indeed, constitutive induction of rgaΔ17 just after germination severely affects growth (Figure 6c ). To eliminate the secondary effect resulting from the growth defects, we optimized the timing of estradiol induction for the analysis of vascular development. Then we found that estradiol induction after 3 days of germination causes much less of a growth defect (Figure 6c) . Under this condition, vascular formation was observed in the first true leaves from 6-day-old seedlings treated with or without estradiol. Although xylem vessel strands were continuously formed in the absence of (a) The GA biosynthesis pathway in plants. The enzyme that catalyzes each step is indicated above the arrow. GGDP, geranylgeranyl diphosphate; CPS, ent-copalyl diphosphate synthase; KS, kaurene synthase; KO, kaurene oxidase; KAO, kaurenoic acid oxidase; GA20OX, GA20 oxidase; GA3OX, GA3 oxidase. (b), (c) Time-course measurement of the expression of genes encoding GA3OX (b) and GA20OX (c) under light or in the dark. Expression levels are indicated as the relative value standardized with respect to that at 0 hours post-induction (hpi). Graphs show the mean value of three independent experiments; error bars represent standard deviations. Asterisks indicate statistical significance in the t-test between samples induced under light or in the dark (*P < 0.05, **P < 0.01). (d) Accumulation of bioactive GA precursors (GA 19 and GA 24 ) and the major bioactive GAs (GA 1 and GA 4 ) under light or in the dark. The graph shows the mean value of three independent experiments; error bars represent standard deviations. Some GA contents are below the level of detection (n.d., not detected). estradiol, estradiol treatment caused disconnected or segmented xylem vessels (Figure 6d ). High-resolution imaging with modified pseudo-Schiff propidium iodide staining (Truernit et al., 2008) revealed that elongated PCs are not formed in the xylem gap region more frequently in estrogen-induced leaves than in control leaves (Figure 6e,f) . These results suggest that DELLA signaling is also involved in procambium establishment in vivo.
DISCUSSION
In VISUAL, fully differentiated MSs first differentiate into PCs and then into xylem or phloem cells (Kondo et al., 2014 (Kondo et al., , 2015 (Kondo et al., , 2016 . Here, we showed that light is required for the differentiation of PCs from MSs in the VISUAL system. Fukuda indicated that the in vitro differentiation process from MS to PC can be divided into two steps: dedifferentiation of MSs and differentiation into PCs from dedifferentiated cells (Fukuda, 1997) . Analysis of cell marker gene expression suggested that PCs are not induced in the dark, whereas the identity of MSs was lost even in the dark. These results suggest that light has a crucial role not in the dedifferentiation of MSs but in the differentiation of PCs from dedifferentiated cells (DCs) (Figure 7f ). Further analysis revealed that GA rescued PC establishment in the dark. However, light did not stimulate endogenous GA accumulation or the expression of GA biosynthesis-related genes. By contrast, DELLA overexpression suppressed light-dependent vascular development and light repressed the accumulation of DELLA protein, independently of GA signaling. These results strongly suggest that PC establishment is not regulated by endogenous GA but is regulated by DELLAs downstream of light signaling. This idea was partly supported by in vivo results that DELLA overexpression suppresses the formation of PCs in leaves.
Relationship between light signaling and the DELLA pathway
Experiments with DCMU suggested that photosynthesis was not involved in light-dependent establishment of PCs. Another possibility is that light functions through photoreceptors as a 'light signal'. The molecular mechanism by which photoreceptor-mediated signaling regulates DELLA function has been studied in various developmental processes. In most cases, light regulates the stability of DELLA protein by regulating GA levels (Yamaguchi et al., 1998; Ogawa and Hanada, 2003; Tyler et al., 2004; Achard et al., 2007) . Light can also regulate directly the transcription of DELLA genes (Cheminant et al., 2011) . However, our results indicated that light exposure does not significantly enhance GA levels or expression of GA biosynthetic genes, and light does not attenuate the mRNA levels of any of the five tested DELLA genes during the first 24 h of culture. Interestingly, the presence of bikinin was required for lightdependent DELLA regulation in VISUAL, suggesting that activity of GSK3s may be related to DELLA regulation in PC establishment in vitro.
DELLAs have multiple functions in vascular development
Since GAs have various roles in vascular development, including the promotion of cambial activity in Coleus blumei (Bostrack and Struckmeyer, 1967) , xylem differentiation in hybrid aspen (Eriksson et al., 2000; Israelsson et al., 2005) , lignification of developing tracheary elements in Zinnia xylogenic culture (Tokunaga et al., 2006) and xylem fiber differentiation (Dayan et al., 2010) , DELLA proteins might function in such vascular developmental processes downstream of GA. In Arabidopsis thaliana, DELLA proteins repress the formation of xylem fiber triggered by inflorescence bolting, which can be rescued by mobile GA signals (Ragni et al., 2011) . In this process, enhanced accumulation of DELLA proteins by PAC treatment does not affect the formation of procambium or cambium but inhibits the differentiation of xylem fibers (Ikematsu et al., 2017) , suggesting that GAdependent DELLA signaling only functions in xylem fiber differentiation in Arabidopsis plants. Consistent with this idea, PAC did not suppress the establishment of PCs in VISUAL, suggesting that PC establishment is regulated by GA-independent DELLA signaling. Despite the importance of DELLAs in VISUAL PC establishment, it remains to be elucidated whether DELLAs are actual players for in vivo PC establishment. 
Roles of DELLAs in PC establishment
Auxin signaling is strongly associated with PC establishment in vivo . In VISUAL, auxin is essential for the induction of PCs (Kondo et al., 2015) . However, the induction of constitutively active DELLA protein suppresses PC establishment even in the presence of high auxin concentrations in VISUAL, suggesting that auxin functions upstream of light-DELLA signaling. At the molecular level, DELLA proteins regulate transcription via binding with transcription factors such as bHLH (Feng et al., 2008; de Lucas et al., 2008; Josse et al., 2011; Bai et al., 2012; Li et al., 2014) , TCP (Davi ere et al., 2014), GRAS (Zhang et al., 2010) and B3 family proteins (Oh et al., 2014) , and with transcriptional co-regulators such as JAZ (Hou et al., 2013) . In addition, DELLA proteins interact with subunits of chromatin remodeling complexes (Sarnowska et al., 2013; Zhang et al., 2014) . In particular, RGA1 physically interacts with AUXIN RESPONSE FACTOR 6 (ARF6) to suppress DNA binding (Oh et al., 2014) . Therefore, an analysis of DELLA interactors including auxin-related proteins will clarify how DELLA proteins regulate PC establishment in VISUAL.
EXPERIMENTAL PROCEDURES Plant materials and growth conditions
All A. thaliana plants used in this study are in the Col background. ATHB-8::YFP-nls plants expressing yellow fluorescent protein (YFP) fused to the nuclear localization signal of the 2.0-kb upstream sequence of ATHB-8 were a kind gift from Dr Ohashi-Ito (Ohashi-Ito et al., 2013). APL::GUS plants were described previously (Kondo et al., 2014) . In all experiments, seeds were surface sterilized with 10-fold diluted sodium hypochlorite solution (Wako, http://www.wako-chem.co.jp/), washed three times with sterilized distilled water and stratified for 2 days at 4°C before sowing. Seedlings were cultivated in liquid half-strength MS medium containing 2.2 g L À1 MS vitamin (Sigma-Aldrich, http://www.sigmaald rich.com/) and 1.0% (w/v) sucrose (Wako) or on plates solidified with 0.7% (w/v) Bacto agar. Plates and media were supplemented with specific chemicals and/or hormones as stated.
Vector construction and transformation
To construct OlexA::rgaΔ17, the Arabidopsis genome fragment was amplified with KOD plus neo (TOYOBO, http://www.toyoboglobal.com/). Primers used in the study are listed in Table S1 . The rgaΔ17 fragments were cloned into pENTR/D-TOPO (Thermo Fisher Scientific, https://www.thermofisher.com/) according to the manufacturer's instructions to obtain pENTR-rgaΔ17. The fragments were subsequently introduced into the binary vector pMDC7 via the LR reaction (Thermo Fisher Scientific) to obtain pMDC7-RGAΔ17. The vector was transformed into Rhizobium radiobacter strain GV3101::pMP90 using the electroporation method, and then transformed to Col plants via the floral dip method (Clough and Bent, 1998) .
Chemical treatment
For GA treatment, 100 mM GA 3 (Sigma-Aldrich) solution in 99% ethanol (Wako) was prepared and stored at À30°C as a stock solution. The DCMU (Tokyo Chemical Industry Co. Ltd, http:// www.tcichemicals.com/) was dissolved in DMSO, diluted with distilled water to 10 mM and stored at À30°C.
VISUAL experiment
The VISUAL system culturing Arabidopsis cotyledons was described previously (Kondo et al., 2016) . We cultured cotyledons for 24 or 48 h for RNA extraction, or 96 h for xylem or phloem differentiation.
RNA extraction and qRT-PCR analysis
Six cotyledons from three seedlings were sampled and frozen in liquid nitrogen for RNA extraction. Total RNA was extracted using RNeasy (Qiagen, http://www.qiagen.com/) and on-column DNA degradation. Then, cDNA was synthesized from 1 lg of total RNA with Super Script III (Thermo Fisher Scientific). The cDNA samples were diluted five-fold in distilled water, and then subjected to qRT-PCR analysis using a LightCycler (Roche Life Science, https:// lifescience.roche.com/) and the Taqman-based method. All expression values were normalized with respect to that of UBQ14. Primers used for quantification are listed in Table S1 .
Quantification of GA
Gibberellin was quantified using approximately 100 lg of fresh cotyledons. The samples were harvested and frozen in liquid nitrogen at the indicated time points. The GAs were quantified with ultra-high performance liquid chromatography (UHPLC)-electrospray interface (ESI) and quadrupole-orbitrap mass spectrometry (UHPLC/Q-Exactive; Thermo Scientific) using an ODS column (AQUITY UPLC BEH C18 1.7 lm, 2.1 9 100 mm, Waters, http:// www.waters.com/) as described previously (Kojima et al., 2009; Shinozaki et al., 2015) .
Microscopy
To observe ectopic xylem cells, cotyledon samples were fixed with acetic acid:ethanol (1:3) and then clarified with chloral hydrate solution. Autofluorescence of xylem secondary cell walls was observed under UV light using a fluorescence microscope (BX51, Olympus, https://www.olympus-lifescience.com/). To quantify the differentiation ratio, the area of ectopic xylem or whole cotyledon was manually selected in digital images using a pen tablet (Wacom, http://www.wacom.com/), and the area was calculated using ImageJ. The YFP fluorescence of vascular markers was observed in live tissues using the fluorescence microscope (BX51, Olympus). Figure S1 . Effect of gibberellin on RGA1::GFP-RGA1 and RGA1:: GFP-rgaΔ17 under light conditions. Figure S2 . Effect of bikinin on DELLA protein accumulation in VISUAL. Table S1 . Primers used in this study.
